To establish productive infection, a retrovirus must insert a DNA replica of its genome into host cell chromosomal DNA 1, 2 . This process is operated by the intasome, a nucleoprotein complex composed of an integrase tetramer (IN) assembled on the viral DNA ends 3, 4 . The intasome engages chromosomal DNA within a target capture complex to carry out strand transfer, irreversibly joining the viral and cellular DNA molecules. Although several intasome/ transpososome structures from the DDE(D) recombinase superfamily have been reported [4] [5] [6] , the mechanics of target DNA capture and strand transfer by these enzymes remained unclear. Here we report crystal structures of the intasome from prototype foamy virus in complex with target DNA, elucidating the pre-integration target DNA capture and post-catalytic strand transfer intermediates of the retroviral integration process. The cleft between IN dimers within the intasome accommodates chromosomal DNA in a severely bent conformation, allowing widely spaced IN active sites to access the scissile phosphodiester bonds. Our results resolve the structural basis for retroviral DNA integration and provide a framework for the design of INs with altered target sequences.
To learn how the retroviral integration machinery engages chromosomal DNA, we co-crystallized the prototype foamy virus (PFV) intasome with a model target DNA (tDNA) construct ( Fig. 1a ), which was designed on the basis of the PFV integration site consensus 7, 8 . Addition of Mg 21 allowed strand transfer to occur during crystallization experiments ( Supplementary Fig.1 ), resulting in crystals of the post-catalytic strand transfer complex (STC), while pre-catalytic target capture complex (TCC) crystals were obtained in the absence of the essential catalytic metal (TCC Apo ). Furthermore, using a viral DNA mimic lacking the reactive 39-hydroxyl group enabled us to grow crystals of the catalytically trapped complex (TCC ddA ) in the presence of Mg 21 , which considerably extended their diffraction limit. The STC, TCC Apo , and TCC ddA structures were refined to 2.81 Å , 3.32 Å and 2.97 Å resolution, respectively (Supplementary Table 1 , Supplementary Fig. 2 ).
As predicted 4 , the tDNA is accommodated within the cleft between the halves of the symmetric intasome (Fig. 1b, c and Supplementary Movie 1). The intasome does not rearrange ( Supplementary Fig. 3 ) but induces severe bending of the tDNA duplex ( Fig. 2a and Supplementary Movie 2). Crucially, this binding mode provides the active sites of the inner IN subunits, separated as far as 26.5 Å in the TCC structures, with direct access to the scissile phosphodiester bonds within tDNA (Supplementary Figs 2a-c, 4 and 5). Superposition of the TCC ddA structure and the Mn 21 -bound form of the intasome 4 positions the 39-hydroxyl group of viral DNA, coordinated to metal B of the active site, for in-line S N 2 nucleophilic substitution at the phosphorus atom of the scissile phosphodiester in tDNA ( Fig. 2b) . Notably, the sugar moiety of the tDNA nucleotide at the site of strand transfer (cytosine 0) adopts different conformations in the TCC and STC structures. Primarily due to a ,110u rotation around the deoxyribose C4-C5 bond, the viral DNA-tDNA phosphodiester shifts from its pre-strand transfer position by 2.3 Å and is thereby ejected from the active site in the STC structure ( Fig. 2b ). This conformational change is expected to prevent a reversal of the strand transfer reaction.
Overall, the conformations of the synapsed DNA molecules within the TCC and STC structures are similar ( Fig. 2a and Supplementary Movie 2), and will be discussed in the context of the STC. At the centre of the integration site, the major groove of the target is widened to 26.3 Å , and the minor groove is compressed to 9.6 Å with a 55u negative roll between base pairs involving thymine 1 and adenine 2, resulting in the unstacking of the two consecutive base pairs ( Fig. 2c ). Remarkably, this severe DNA kinking does not involve direct interactions between unstacked base pairs and protein. The TCC and STC are stabilized by eight rigid hydrogen bonds between amide groups of the protein main chain (residues Thr 163, Gln 186, Ser 193 and Tyr 212 from each inner IN monomer) and the tDNA phosphodiester backbone in addition to a pair of salt bridges involving inner chain carboxy-terminal domain (CTD) Arg 362 residues (Fig. 2d ). As can be expected from the relatively low degree of sequence selectivity of retroviruses for chromosomal DNA [9] [10] [11] , interactions between IN and tDNA bases are sparse. Nonetheless, two sites of close contact were identified within the TC/ STC structures. Firstly, the side chain of Arg 329, based on the loop connecting IN CTD b1 and b2 strands (b1/b2 loop), is hydrogenbonded to guanine 3, guanine 21, and thymine 22 bases within the expanded major groove of the tDNA (Fig. 2c, d and Supplementary  Fig. 2d ). Secondly, the methyl group of Ala 188, at the beginning of a2 helix of the inner IN chain catalytic core domain (CCD), is involved in a van der Waals interaction with the O2 atom of cytosine 6 within the minor groove (Fig. 2d ).
Owing to their naturally low extent of base stacking, pyrimidine (Y) -purine (R) dinucleotide steps are known to be the most flexible, followed by YY (or RR) and, the least deformable, RY steps 12 . In concordance, PFV integration sites are enriched in YR dinucleotides at positions 1 and 2 ( Supplementary Fig. 6 ). The length of the b1/b2 loop and the presence of Arg at an equivalent position to 329 are invariant among spumaviral INs, underscoring the importance of the observed interactions. In PFV IN, substitution of Arg 329 for Ser, a residue with a smaller side chain, is expected to abolish hydrogen bonding with the tDNA bases as well as reduce the geometric fit between the intasome and the functional tDNA conformation. While not affecting intasome assembly and strand transfer activity ( Supplementary Fig. 7 ), the R329S mutation increased the bias of PFV IN against the rigid RY dinucleotides at positions 1 and 2 of the resulting integration sites (Fig. 3a, b and Supplementary Fig. 6 ), confirming the role of Arg 329 in tDNA bending. Another mutant, R329E greatly reduced strand transfer activity of the intasome (Supplementary Fig. 7) . Sequencing of the residual R329E strand transfer products revealed a striking preference for guanosine at position 4 (and a symmetric preference for cytosine at position 21) of these integration sites (P , 10 232 ) ( Fig. 3c ). Interaction of the mutant Glu residue with a cytidine base 13 at position 21 of the integration site probably accounts for the marked tDNA sequence preferences of the R329E intasome. Strong selectivity towards chromosomal DNA should limit possible integration sites and consequently reduce viral fitness. Arg, a residue with a flexible, protonated side chain, is able to form a plethora of hydrogen bond interactions within the major groove of DNA 13 , helping to offset the energetic penalty associated with tDNA bending, while introducing only minor sequence preferences for positions 4 and 5 (Fig. 3a) .
In retroviral INs, the positions equivalent to PFV 188 are invariably occupied by small amino acids, typically Ala, Pro or Ser, suggesting that a close contact between the CCD a2 helix and the minor groove of tDNA is a common feature of retroviral TC/STCs. In line with prior observations 14, 15 , substitution of PFV IN Ala 188 (a residue structurally equivalent to HIV-1 Ser 119) for Asp ablated strand transfer activity ( Supplementary Fig. 7) . A less drastic mutation, A188S, did not affect the level of strand transfer activity, but yielded a significant bias for adenosine at tDNA position 6 (P 5 10 24 ) (Fig. 3d) , possibly owing to the hydrogen bonding of the mutant side chain to N3 of the adenine base.
One puzzling feature of the PFV integration site consensus is a pronounced bias against thymidine at position 0 and the symmetrical avoidance of adenosine at position 3 (Fig. 3a) . Furthermore, the bias against integration immediately upstream of a thymidine appears to be a common feature of retroviruses [9] [10] [11] . Modelling a TNA base pair at the site of integration reveals that the C5-methyl group of thymine would 
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hinder the target phosphodiester, approaching it at 3.4 Å in the STC structure ( Supplementary Fig. 8 ) and thus probably interfering with the mechanics of transesterification.
The conformation of tDNA within the STCs is fully consistent with previous observations that pre-bending of tDNA promotes integration 16, 17 . Of note, in vitro PFV IN appears more selective for flexible target sequences compared with what is observed during viral infections ( Supplementary Fig. 6 ). We speculate that chromosomal DNA packaging into nucleosomes and the presence of other DNA bending factors in cells contribute to this subtle difference. In the context of integration into chromatin, the N-terminal domains (NTDs) and CTDs of the outer IN subunits, disordered in our crystals, might interact with nucleosomal DNA and/or the histone octamer. The TCC and STC structures we present here elucidate the mechanism for retroviral DNA integration and indirect recognition of the optimal tDNA sequence. They furthermore provide a framework for the design of INs with altered target sequences and will boost ongoing efforts to create site-specific retroviral vector systems for applications in gene therapy 18, 19 . The PFV intasome 4 as well as the TCC and STC structures detailed here will enable the building of reliable models for the respective intermediates of the HIV integration process 20 to aid improvement of the existing antiviral strategies and to hasten discovery of novel approaches to blocking viral replication.
METHODS SUMMARY
PFV intasomes, assembled with wild-type (WT), full-length IN and a mimic of the pre-processed U5 viral DNA containing or lacking the reactive 39-hydroxyl group, were co-crystallized with a self-complementary tDNA oligonucleotide 59-CCCGAGGCACGTGCTAGCACGTGCCTCGGG. Inclusion of the natural 39-hydroxyl in the viral DNA construct allowed strand transfer to occur during crystallization in the presence of MgCl 2 ( Supplementary Fig. 1 ). Although the intasome can engage the tDNA construct at multiple sites, the constraints imposed by crystal symmetry and lattice contacts probably accounted for selective crystallization of the symmetric complex (compare lanes 3 and 4 in Supplementary Fig.  1c ). In both TCC and STC crystals, the asymmetric units contained half of the intasome structure (IN chains A and B, viral DNA strands C and D) and one strand of tDNA (chain T); the complete biological assemblies were generated by crystallographic two-fold symmetry operations. Sixteen and 18 base pairs of tDNA could be built into the TCC and STC electron density maps, respectively. Similar to the original PFV intasome crystals 4 , the N-and C-terminal domains of the outer IN subunits (chains B and B9) were disordered and are not present in the final models. Crystallographic and refinement statistics are summarized in Supplementary Table 1 . The final models had good geometry with 96.7% and 0% (STC), 92.9% and 0.4% (TCC ddA ), and 91.8% and 1.2% (TCC Apo ) of amino acid residues in most preferred and disallowed regions of the Ramachandran plot, respectively. 
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